BACKGROUND: Exposure to endocrine-disrupting chemicals (EDCs) during gestation influences development of the F1 generation offspring and can result in disease and dysfunction in adulthood. Limited evidence suggests consequences on the F2 generation, exposed as germ cells within the F1 fetus. These F2s provide a unique window into the programming effects of EDCs. OBJECTIVE: This study assessed intergenerational effects of EDC exposure on adult physiology and behavior in Sprague-Dawley rats. METHODS: Pregnant rats were exposed to either a polychlorinated biphenyl (PCB) mixture, Aroclor 1,221 (A1221), the fungicide vinclozolin (VIN), or the vehicle (VEH) (6% dimethylsulfoxide in sesame oil) alone. A1221 is weakly estrogenic, while VIN is antiandrogenic, enabling us to compare different classes of EDCs. The F1 male and female offspring were bred to generate the paternal-and maternal-lineage F2 generation. This F2 generation was assessed for physiological outcomes, ultrasonic vocalizations (USVs), and sexual behavior in adulthood. RESULTS: Each EDC caused phenotypic effects in a sex-and lineage-dependent manner. The most robustly affected group was the paternal-lineage males. F2 VIN paternal male descendants had increased body weight throughout the lifespan, lower concentrations of circulating estradiol, and lower adrenal and testicular indices. Both VIN and A1221 paternal-lineage males also exhibited the greatest number of changes in the characteristics of USVs in response to an opposite-sex animal and changes in sexual behaviors in a mating test. CONCLUSION: Exposure of rats to EDCs at the germ cell stage led to differences in the physiological and behavioral phenotype later in life, especially in males. This finding has implications for multigenerational physiological and reproductive health in wildlife and humans. https://doi
Introduction
Endocrine-disrupting chemicals (EDCs) are ubiquitous environmental contaminants that alter hormone-dependent functions, including behaviors controlled by the brain's neuroendocrine systems . Among EDCs are persistent legacy chemicals from past decades such as polychlorinated biphenyls (PCBs), which are present as contaminants in soil and water and detectable in virtually every living organism (Agency for Toxic Substances and Disease Registry 2000). Other EDC classes include modernuse pesticides such as vinclozolin (VIN), a commercially available fungicide (Wong et al. 1995) , as well as plastics and plasticizers, pesticides, and other industrial chemicals.
The timing of EDC exposure is key to determining their outcomes. Both epidemiological and animal studies have shown that EDC exposures during perinatal development lead to increased predisposition for disease and dysfunction later in life, including hormone-sensitive neurodevelopmental outcomes . For example, exposure to PCBs during the period of brain sexual differentiation perturbed the development and manifestation of learning behavior (Colciago et al. 2009; Piedrafita et al. 2008) , juvenile play behavior (Bell et al. 2016) , and adult anxiety, social, and sexual behaviors in rodents (Bell et al. 2016; Gillette et al. 2017; Reilly et al. 2015; Steinberg et al. 2007) . Although the literature on prenatal effects of VIN on behavior is limited, perinatal administration of VIN altered sexually dimorphic behaviors such as activity, play, and sexual behavior in rats (Colbert et al. 2005) .
In utero exposure to EDCs influences the fetus (F1), as well as the developing germ cells of the next generation (F2) that reside within the F1 fetus (Anway et al., 2005; Brieño-Enriquez et al., 2015; Manikkam et al. 2013; Elshenawy and Simmons 2016) . The F2 generation provides a unique window into understanding the impact of germ cell exposure to EDCs: it allows distinction between a body burden of EDCs (in the F1 generation) versus programming effects of the chemicals on the gametes that will eventually form the F2 generation. While the mechanism and nature of this transmission is not well understood, EDC exposure during F2 germ cell development in rodents has been shown to alter adult reproductive physiology (Steinberg et al. 2008) , disrupt juvenile social behavior (Wolstenholme et al. 2012) , and perturb the metabolic phenotype (Chamorro-García et al. 2017; 2013; McBirney et al. 2017; Susiarjo et al. 2015) .
In rodents, the communication of affective state, social interest, and social status (Knutson et al. 2002) as well as the display of appropriate appetitive and consummatory sexual behaviors (Pfaus et al. 2012 ) are necessary for an individual's social and reproductive success. These are accomplished via ultrasonic vocalizations (USVs), olfactory cues, and the physical interactions that occur during mating. USVs are crucial in conveying the affective state of the individual not only in different social and sexual situations (Willadsen et al. 2014; Wöhr et al. 2008) , but also when exposed to rewarding or aversive stimuli (Barker et al. 2010; Brudzynski 2013) . Although not widely studied in the EDC realm, prenatal PCBs affected properties of USVs in adolescence (Bell et al. 2016) , and adult exposure to phthalates reduced the emission of USVs in mice (Dombret et al. 2017) . Other behaviors before (appetitive) and during (consummatory) mating convey information about an individual's attractiveness to the conspecific, potential fitness as a mate, and ultimately reproductive success (Adler 1969; de Medeiros et al. 2010; Erskine 1985) .
In this study, we focused on intergenerational exposure to two classes of EDCs on the sociosexual phenotype. Aroclor 1,221 [A1221; a weakly estrogenic industrial mixture of PCBs (Frame, 1997) ] and the fungicide VIN [antiandrogenic (Gray et al., 2001) ] were selected because of their different downstream signaling actions, evidence for direct and intergenerational effects, and to make comparisons with past work in our lab. We predicted that these exposures would alter physiological and behavioral outcomes in a sexually dimorphic manner and that transmission of effects would differ in the maternal and paternal lineage due to sex differences in programming of the germline (Reik et al. 2001 ).
Methods

Endocrine-Disrupting Chemical Treatment
A1221 (C-221N-50MG, 083-166; AccuStandard) and VIN 4, 054, 200; Chem Service Inc.) , each at 1 mg=kg, were dissolved in a vehicle (VEH) of 6% dimethylsulfoxide (Sigma number D4540; Sigma) in sesame oil. This dose of VIN is below the acceptable daily intake for human health, estimated at 1:2 mg=kg=d (Alyea et al. 2014) . Furthermore, in rats, a NOAEL level was estimated at 6-12 mg=kg (Hellwig et al. 2000) . Previous studies have estimated that maternal-fetal transfer of this dose of PCBs results in fetal concentrations of 2 lg=kg (Takagi et al. 1986) , which is relevant to circulating levels in humans (Fitzgerald et al. 2008) . Although there is disagreement regarding the best route of EDC exposure, intraperitoneal injections are reliable, effective, and not toxic to the pregnant dam or the litter, and most importantly, they allow us to compare current to past work with these chemicals (Bell et al. 2016; Reilly et al. 2015; Steinberg et al. 2008) . Notably, both VIN and lightly chlorinated PCBs such as A1221 have short half-lives (<24 h) and are unlikely to persist beyond the exposure period (SierraSantoyo et al. 2008; Sundström et al. 1976 ). The timeframe of exposure from E8 to E18 encompasses primordial germ cell migration and reprogramming (Smallwood and Kelsey 2012) , as well as the beginning of brain sexual differentiation due to sex differences in gonadal steroids in rats (Lenz et al. 2012) .
Animal Husbandry and Physiological Measures
All animal protocols were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of Texas at Austin. Sprague-Dawley rats purchased from Harlan Laboratories were housed in a temperature-and humidity-controlled room with a 10:14 partially reversed light: dark cycle (lights off at 11:30 a.m.) and maintained at 21-23 C. Animals (two to three) were housed together in polycarbonate cages (43 × 21 × 25 cm) with aspen bedding (Sani-Chips ® ; PJ Murphy Forest Products), along with a polyvinyl chloride tube for enrichment. Cages were changed weekly. Rats were fed lowphytoestrogen Harlan Teklad Global Diet (Harlan Teklad) ad libitum. Rats were handled once a week for 5 min to acclimate them to the experimenters and their new housing conditions. Mating began 2 wk after their arrival.
Daily vaginal smears were taken to monitor estrous cyclicity, and virgin female rats (3-4 mo old) were mated with sexually experienced male rats ( ∼ 6 mo old). The day of mating was designated as embryonic day zero (E0). The morning after mating, vaginal smears were checked for the presence of sperm, and sperm-positive dams were single housed. From E8 to E18, dams were weighed daily and injected intraperitoneally with ∼ 0:1 mL (depending on weight) of VEH, A1221, or VIN ( ∼ 2 h prior to the onset of the dark stage). These dams were weighed weekly to monitor growth. After the last injection, dams were provided with nesting material through parturition ( ∼ E22) and into lactation. On the day after birth, postnatal day 1 (P1), the F1 litters were culled to 10 pups of equal sex ratio, or as close as possible (de Medeiros et al. 2010) . To do this, we culled those rats with extreme anogenital index measures [anogenital distance= 3 p body weight ðBWÞ; (Gillette et al. 2017) ] in order to remove extremes and to have a litter most representative of the treatment. After weaning on P21, individuals were housed with same-sex littermates. The F1 rats were weighed and monitored weekly.
In adulthood ( ∼ P80), one to two F1 females and one to two F1 males per litter were bred to untreated stimulus SpragueDawley rats (purchased from Harlan; Figure 1A ). At ∼ 4 mo of age, after litters had been weaned, a subset of these latter F1 rats (n = 30; subset from rats shown in Figure 1a ) were euthanized by decapitation at ∼ 2 h prior to lights off. Blood was collected and serum stored as described below for use in hormone assays. The litters that had been generated (F2) were the primary focus of this experimental design ( Figure 1B ). For these F2 rats, BW and anogenital distance was measured weekly for each individual until weaning on P21, after which pups were housed with same-sex littermates (two to three per cage). We continued to monitor BW weekly for the rest of each animal's life. Females were checked daily for vaginal opening beginning on P28, while males were checked daily for preputial separation beginning on P35. The individuals in each litter were weighed and handled for 5 mins weekly, and the focal F2 individuals underwent behavioral testing in adulthood (between ∼ P80-P100). Approximately 2 wk after behavioral characterization was completed, experimental males were weighed and euthanized. Maternal-lineage F2 females, which were used to generate an F3 generation for another study, were euthanized after parturition and weaning of their F3 offspring. Paternal-lineage F2 females were euthanized on day 18 of their gestation because their F3 offspring would have a paternal-maternal mixed lineage that was not part of the current study. While the latter F3 offspring are potentially interesting, the large scope of work led us to focus exclusively on animals derived from the pure maternal and pure paternal lineages.
Litter Usage and Sample Size Figure 1 shows breeding and the allocation of offspring. The study began with 17 F0 dams exposed during their pregnancies (four VEH, six A1221, seven VIN). From each litter of F1 pups, one to two females and one to two males were assigned to this study and used for breeding the maternal and paternal lineages. Littermates of these F1 animals were assigned to a different study. For breeding in the current study ( Figure 1A ), six VEH, eight A1221, and eight VIN F1 females were bred to generate maternal-lineage F2 litters. Similarly, seven VEH, six A1221, and 10 VIN F1 males were bred to generate the paternal F2 lineage. From each F2 litter, one to two female and one to two male F2 pups were run through the entire timeline shown in Figure 1B , with n's for the F2 generation shown in Figure 1A . For birth outcomes and developmental milestones, because of the availability of the rest of the F2 littermates, we used up to five animals per sex per litter when available, resulting in the following sample size for these endpoints: maternal females: VEH = 15, A1221 = 12, VIN = 18; maternal males: VEH = 13, A1221 = 13, VIN = 16; paternal females: VEH = 19, A1221 = 16, VIN = 15; paternal males: VEH = 19, A1221 = 16, VIN = 22. Litter was used as a covariate in statistical analyses of each measure, and no effects of litter were found.
Physiology
Serum hormones. A trunk blood sample was collected from all F2 animals at decapitation, conducted ∼ 2 h before the onset of the dark phase. A subset of F1 progenitors of the F2 generation (n = 30) had the same serum hormone assays run to assess the F1 dams and sires' physiological status as a potential contributor to F2 outcomes. In all cases, blood was centrifuged at 3,000 × g for 5 min. Serum was collected and stored at −80 C until analysis by radioimmunoassay (RIA). Corticosterone, estradiol (E 2 ), and testosterone were selected as the primary targets for this study based on previous work highlighting their sexually dimorphic disruption by VIN and A1221 Reilly et al. 2015) . For all assays, standards and samples were processed in duplicate samples from individual rats, all run in a single assay per hormone. Concentrations were calculated using the average of the two duplicates based on the standard curves. Serum corticosterone was measured in 10 lL serum (Corticosterone 125 I RIA, RCBK1708; MP Biomedicals), with intra-assay coefficient of variation (CV) 2.1% and assay sensitivity 25 ng=mL. Serum E 2 was measured in 200 lL serum (Estradiol 125 I RIA, 17052C; Beckman Coulter), with intraassay CV 2.4% and assay sensitivity 5 pg=mL. Serum testosterone was measured in 50 lL serum (Testosterone 125 I RIA, 07-189,102; MP Biomedicals), with intra-assay CV 2.03% and assay sensitivity 0:1 ng=mL.
Adrenosomatic and gonadosomatic index. At euthanasia, adrenals and gonads were removed from all behaviorally characterized experimental animals (Ns in Figure 1A) ðadrenal weight=BWÞ Ã 100, and the gonadosomatic index as ðgonadal weight=BWÞ Ã 1,000 (Crews et al. 2012; Reilly et al. 2015) .
Behavior
All behavioral tests were run in the same order, at least 2 h after lights-out under dim red light, in rats aged 80-100 d of age. Adult F2 generation females were vaginally swabbed daily for 1 wk prior to testing and throughout the testing period to establish the phase of estrous cycle; all behavioral tests were conducted when females were sexually receptive. Ultrasonic vocalizations. On the evening of proestrus, experimental F2 females were tested with sexually experienced but untreated males to confirm receptivity. Only receptive females proceeded through the USV paradigm. Experimental males were tested at similar ages to the females.
USVs were recorded in a Plexiglas chamber (23 l × 29 w × 40 height cm) using a CM16/CMPA microphone (Avisoft) suspended 40 cm above the floor of the chamber (Bell et al. 2016; Reno et al. 2013) . Baseline USVs were recorded from experimental males and females in a 5-min pretest session. A plastic mesh barrier was introduced, partitioning the chamber into two equal compartments. Opposite-sex stimulus rats unexposed to EDCs were used. For experimental males, the stimulus animal was an ovariectomized Sprague-Dawley rat, implanted with a Silastic capsule (Dow Corning, inner diameter, 1:98 mm; outer diameter, 3:18 mm; length, 12:5 mm) containing 5% estradiol and 95% cholesterol. On the day of the test, the female was injected with progesterone (0:6 mg, subcutaneous) 3-5 h prior to the test to induce receptivity. For experimental females, the stimulus animal was a sexually experienced Sprague-Dawley male rat. In each case, the opposite-sex stimulus rat was introduced on the other side of the barrier from the experimental rat ( Figure 2A ). Then, the stimulus animal and barrier were removed, and USVs were recorded from the experimental animal left alone in the chamber for 5 min ( Figure 2B ).
USVs were recorded with UltraSoundGate hardware and software (Avisoft) and analyzed with the decision tree machine learning algorithm, WAV-file Automated Analysis of Vocalizations Environment Specific (WAAVES) (Reno et al. 2013) . Calls detected within the range of 30 to 90 kHz were considered highfrequency calls [often referred to as 50 kHz "positive affect" calls because they are emitted in rewarding situations (Burgdorf et al. 2011) ], while those in the range of 20 to 30 kHz were considered low-frequency calls [referred to as "negative affect" because they are emitted in aversive situations (Knutson et al. 2002) ]. The 50-kHz calls were further categorized into frequency modulated (FM) and non-FM (flat) calls ( Figure 2C , D). Other spectrogram measures from WAAVES are detailed in Table 1 . WAAVES identifies "objects" (potential USV calls) within each sound file and separates them from background noise using the criteria described in Reno et al. (2013) . To optimize the software for our apparatus and paradigm, the following modifications were made:
Frequency ( Range between minimum and maximum pitch of each call
• The minimum call duration for 50-kHz calls was set at 1:25 ms.
• Flat calls in the 50-kHz range were designated as those varying between 0-3 kHz per ∼ 0:5-ms interval, whereas USVs with kHz variations over 3 kHz across the same intervals were classified as FM calls. Mating behavior. F2 male mating behavior. Five to seven days after the USV recordings, experimental males were observed for their mating behavior. Males were habituated to the Plexiglas chamber (38:0 l × 30:5 w × 43:2 height cm) for 5 min prior to each test. A description of behaviors is in Table 2 . Observations began once a gonadally intact and receptive stimulus female (untreated by EDCs) was introduced into the chamber. Trials were concluded after 1 h of observation or until the male had ejaculated twice. Males who did not ejaculate within this timeframe were given two additional mating trial opportunities following at least a 1-d waiting period between trials. Males who did not engage in any sexual activity in all three mating trials were excluded from the analyses (two VEH maternal lineage, one A1221 maternal lineage; five VEH paternal lineage, three VIN paternal lineage). Trials were recorded on videotape, and behaviors were scored at a later date by the experimenter, who was blind to the subjects' ancestral treatment. Males were observed for number of and latency to first mount, intromission, and ejaculation. After the trial, the male and female were housed together overnight in a home cage and allowed to continue mating to ensure pregnancy.
Paced mating behavior of F2 females. Similar to the experimental males, experimental F2 females were tested 5-7 d after the USV recordings, on the evening of proestrus. These females were tested for sexual behaviors using a paced mating paradigm (Coopersmith and Erskine 1994; Erskine 1985; Martínez and Paredes 2001; Paredes and Vazquez 1999; Steinberg et al. 2007 ). Behavior was videotaped in a Plexiglas aquarium (76 l × 30:5 w × 43:2 height cm) bisected lengthwise by a clear Plexiglas divider. Two 5-cm-diameter openings were constructed at the base of the divider, allowing the female to move freely between the two compartments while restricting the male to one side, due to his size. The side with the male is hereby referred to as the mating chamber, while the other side is referred to as the escape chamber. Females were observed for proceptive and receptive behaviors, as well as mating trial pacing (Table 3) . After the trial, the male and female were housed together overnight in a home cage.
Statistical Analyses
Physiological and behavioral data were analyzed within each sex and lineage combination. Using the Grubb's test, at most, two outliers were removed per group per dependent variable. Because we had unexpectedly large effects of lineage (maternal vs. paternal) on a number of variables, and because most behaviors and physiological measures were specific to each sex, we conducted one-way analysis of variance (ANOVA) within each sex and lineage combination to test for effects of treatment. If a significant main effect (p < 0:05) or trend (0:05 < p < 0:10) was found, Tukey's HSD was used for posthoc analyses, as it corrects for multiple statistical comparisons. The data were tested for normality and homoscedasticity using the Shapiro-Wilk and Bartlett's tests, respectively. If the data failed these assumptions, they were transformed (log, square, or square root) and analyzed with a similar one-way ANOVA. If the transformations did not resolve these issues, the data were analyzed using the nonparametric Kruskal-Wallis test (KW) to determine a main effect of EDC treatment and lineage. Since this latter test does not determine an interaction effect, we followed up on any main effect by pairwise comparisons using the Steel-Dwass method. Multiple comparisons were accounted for using the Bonferroni correction. For ANOVAs, effect sizes were calculated as partial eta-squared (g p 2 ), which represents the proportion of variance explained by the factor being tested. An g p 2 of 0.14 or greater is considered large, whereas a g p 2 between 0.06 and 0.13 is considered medium. For KW tests, effect sizes were calculated as epsilon squared (e 2 ), using similar parameters for large, medium, and small effect sizes. Significance was defined as p < 0:05.
Principal components analysis. Due to the large number of variables assessed, we applied a principal components analysis (PCA) to a select subset of measures to identify which accounted for most of the variance in the data. Each measure was selected, scaled, and rotated to determine the principal components, then analyzed for the magnitude and direction of correlation (loading) upon the first two principal components. Eigenvalues from each principal component were then analyzed using a one-way ANOVA within each sex and lineage combination to determine (Reilly et al. 2015; Scarpino et al. 2014) . Since the majority of effects were observed in male rats, we created functional landscapes for this sex only. To construct the landscapes, we used a combination of z-scaled measures. Eigenvalues from the following measures were used for the landscape: serum hormone module (PC1), USV properties module (PC1), latency to engage in sex behavior module (PC1), female-elicited sex behavior module (PC2), and z-scaled total call counts. The median eigenvalues for each treatment group were normalized to VEH to determine the magnitude of change between EDC and VEH within each lineage.
Using a linear discriminant analysis (LDA), we examined whether treatment was a determining factor in how the principal components clustered within each lineage.
Results
F2 Birth Outcomes and Body Weight
The average litter size (mean ± standard error of the mean ðSEMÞ) and sex ratio (M:F) at birth for F2 litters was: maternal VEH, 13:2 ± 1:3 (1.03); paternal VEH, 13:4 ± 0:5 (1.09); maternal A1221, 12:4 ± 1:2 (1.06); paternal A1221, 10:7 ± 1:0 (1.13); maternal VIN, 13:1 ± 0:7 (1.14); and paternal VIN, 12:9 ± 0:9 (1.15).
Because BW curves change through postnatal development, we analyzed BW subdivided into three distinct life phases: prepuberty (P1-P21), adolescence (P28-P56), and adulthood (P63-P91), and ran a repeated-measures ANOVA within each life stage (Gillette et al. 2017) . Treatment affected BW in particular life stages (Figure 3) . Females from the maternal lineage tended to be heavier in the A1221 than VEH groups at the three life stages, but this did not attain significance. In males from the paternal lineage, significant main effects of treatment were found in
Maternal Females
Paternal adolescence and adulthood (p < 0:05) with a trend in prepuberty (p < 0:069). For all, the VIN males were heavier than VEH males.
F2 Age at Puberty
The age at vaginal opening and preputial separation were analyzed by one-way ANOVA within each sex and lineage combination. In paternal females, both A1221 and VIN females displayed vaginal opening on average ∼ 1 d earlier than their VEH counterparts (p < 0:01; Table 4 ). In males, no significant treatment effects were found within each sex and lineage combination.
F2 Serum Hormones
Treatment had a significant effect on serum E 2 concentrations only in males from the paternal lineage (p < 0:04), with F2 VIN (A) Serum estradiol in female and male rats. Maternal-lineage females were euthanized as adults on proestrus, whereas paternal females were euthanized on day 18 of pregnancy, indicated as E18. All male rats were euthanized between 4-4.5 mo of age. (B) Serum testosterone in the same adult male rats. Note: A1221, Aroclor 1,221; MAT, maternal; PAT, paternal; VEH, vehicle; VIN, vinclozolin. *p < 0:05; #p < 0:10, as determined using ANOVA followed by Tukey's HSD posthoc analysis. Data shown are mean ± standard error of the mean ðSEMÞ. Environmental Health Perspectives 097005-8 126(9) September 2018 males significantly lower than VEH males (p < 0:03; Figure 4 ; Table 4 ). In females, it should be noted that serum E 2 concentrations differed between maternal and paternal lineages because of differing physiological status at euthanasia (maternal-lineage females on proestrus; paternal-lineage females on day 18 of pregnancy). The resulting E 2 concentrations reflected this expected difference (concentrations ∼ 30 pg=mL on proestrus, and ∼ 5 pg=mL in late pregnancy). However, there were no treatment effects in either lineage of females. Serum testosterone ( Figure 4 ; Table 4 ), measured only in males, differed significantly between treatment groups in the paternal lineage (F 2,26 = 5:18; p = 0:01; g p 2 = 0:28), with A1221 males lower than VIN (p = 0:01) or VEH (p = 0:05) males. Serum corticosterone did not differ between treatment groups in either sex or lineage (Table 4) .
Estradiol
A PCA on the three serum hormones in males revealed that E 2 and testosterone loaded heavily onto PC1, which accounted for 44% of the variability in the data. There was a trend toward a significant difference between the eigenvalues of the EDC treatments within the paternal-lineage males, with A1221 males lower than VEH males (F 2,26 = 3:203; p = 0:057; g p 2 = 0:19).
F2 Adreno-and Gonadosomatic Indices ASI (Table 4 ) differed between treatments in both maternal and paternal-lineage males. In maternal-lineage males, A1221 animals had a higher ASI than VEH or VIN (p = 0:02), whereas in paternal-lineage males, VIN was lower than both A1221 and VEH animals (p < 0:0001). The ovarian index did not vary among treatment groups in females, but the testicular index in paternal-lineage males differed significantly in that VIN males were lower than their VEH counterparts (p = 0:03; Table 4 ). Both adrenosomatic and ovarian index varied between the maternaland paternal-lineage females, which is likely attributable to the differential physiological status at euthanasia, as mentioned earlier.
F2 Ultrasonic Vocalization Results
Few 20 kHz calls were detected; therefore, all analyses and results are focused on calls in the 50 kHz range. The only group affected by treatment was the paternal male lineage. For this group, total calls were emitted at significantly lower rates in VIN than their VEH counterparts (p = 0:047; Figure 5A ), an outcome that was also seen when calls were subdivided into FM vs. flat calls (FM: p = 0:023; flat: p = 0:039, Figure 5B , C). By contrast, A1221 affected the paternal male lineage in certain USV acoustic characteristics. These A1221 male animals had lower power/intensity than their VEH counterparts (p = 0:006; Figure 5D ), narrower bandwidth than the VIN group (p = 0:03; Figure 5E ), and lower mean frequency than both the VEH and VIN paternal males (p = 0:04; Figure 5F ). Call duration did not differ significantly by treatment ( Figure 5G) . A PCA was conducted on USV spectrographic measures of mean frequency, bandwidth, power, and duration (Reno et al. 2013) . Figure 6A displays the directional loading of each variable onto the first two PCs, which, combined, explained 72% of the variability in the data. Power and duration loaded heavily onto PC1, while bandwidth and mean frequency loaded onto PC2. We analyzed the differences between groups with the eigenvalues of PC1, which we named "USV Acoustic Properties Module." A one-way ANOVA conducted on this module revealed a significant difference in paternal males between the VEH and A1221 groups (F 2,39 = 3:84; p = 0:029; g p 2 = 0:16; Figure 6B ).
F2 Sex Behavior in Males
Behaviors in males were altered exclusively in the paternal lineage (Figure 7) . Paternally derived A1221 males had higher frequencies of intromission (p < 0:001; g p 2 = 0:43; Figure 7A ), shorter latencies to first ejaculation (p = 0:03; g p 2 = 0:19; Figure  7B ), and received more hops and darts from females (p = 0:03; g p 2 = 0:22; Figure 7C ). VIN males also had higher frequencies of intromissions (p = 0:04; g p 2 = 0:43), received higher lordosis quotients from the females (p < 0:001; g p 2 = 0:40; Figure 7D ), and had a trend for receiving fewer lateral kicks to the face (p = 0:07; g p 2 = 0:18; Figure 7E ). To identify the underlying principal components of these behaviors and determine the overall influence of treatment in males, we conducted a PCA similar to that done for the USV properties. Figure 8A displays the directional loadings of each variable onto the two primary PCs that, together, explained 50% of the variability in the data. PC1 comprised measures describing the males' latency to perform behaviors such as mounting, intromitting, and ejaculating ("Latency to Male Sex Behavior Module"), while PC2 comprised behaviors elicited from the female such as LQ, MLI, and kick frequency ("Female-elicited Sex Behavior Module"). Using the eigenvalues, we ran a one-way ANOVA on each PC to determine the effect of treatment within a lineage. Males from the paternal line differed significantly from one another in the latency to behavior module (F 2,30 = 5:11; p = 0:012; g p 2 = 0:26; Figure  8B ), with A1221 animals having shorter latencies than their control counterparts (p = 0:009). Similarly, paternal-lineage males tended to differ in the female-elicited behavior module (F 2,31 = 3:051; p = 0:062; g p 2 = 0:17; Figure 8C ), with VIN males eliciting fewer behaviors from females than controls (p = 0:067).
F2 Paced Mating Behaviors in Females
Several aspects of paced mating behaviors differed significantly between treatment groups in a lineage-specific manner ( Figure  9 ). Maternal VIN females had a shorter latency to enter the mating chamber (p = 0:046; g p 2 = 0:19; Figure 9A ), and tended to have greater lordotic intensity than VEH females (p = 0:067; g p 2 = 0:18; Figure 9B ). The frequency of hops/darts ( Figure 9C ) and lateral kicks ( Figure 9D ) were unaffected in the maternal line. Maternal VIN females also received mounts more frequently ( Figure 9E ) than both VEH (p = 0:05) and A1221 (p < 0:01) females (g p 2 = 0:32). The latency to first intromission from a stimulus male was longer for VIN than VEH females (p = 0:02; g p 2 = 0:23; Figure 9F ). Paternal-lineage VIN females hopped/ darted more frequently (p = 0:05; g p 2 = 0:20; Figure 9C ) and delivered lateral kicks more frequently to the stimulus male (p = 0:02; g p 2 = 0:25; Figure 9D ). F2 paternal VIN females received intromissions more frequently than VEH (p = 0:03; g p 2 = 0:24; Figure 9G ), and paternal VIN females had a shorter latency to receive their first ejaculation than A1221 females (p < 0:01; g p 2 = 0:36; Figure 9H ). For A1221, in the maternal lineage, females had significantly longer latencies to receive their first mount than VEH females (p = 0:01; g p 2 = 0:27; Figure 9I ). They also had a longer latency to receive the first ejaculation from a male compared to VEH (p < 0:05) and VIN (described above and Figure 9H ). A PCA on female sexual behavior revealed that the first two PCs explained less than 50% of the variability in the data, and a one-way ANOVA investigating the main effect of treatment revealed no differences in PC1 or PC2.
F2 Functional Landscape Results
Because most of the effects of treatment were found in males, functional landscapes were used to depict certain male behaviors and physiology in the maternal lineage ( Figure 10A, B) and the paternal lineages ( Figure 10C, D) . Selected traits were the principal components of the USV properties, latency to engage in sexual behavior, frequency of male-oriented sexual behavior and serum hormone levels, as well as z-scaled total USV call counts. Using an LDA, we determined that only the VEH and A1221 landscape profiles differed significantly (p < 0:01) and that this was limited to the males of the paternal lineage.
F1 Serum Hormones
To ascertain whether effects of treatment in the F2 generation were due to physiological alterations in their F1 parents, we measured serum hormones (estradiol, testosterone, corticosterone) in a subset of the F1 sires and dams. Estradiol concentrations (pg=mL, mean + SEM) were 45 ± 8 (VEH), 71 ± 9 (A1221), and 49 ± 7 (VIN) in females, and 13 ± 1 (VEH), 18 ± 4 (A1221), and 18 ± 6 (VIN) in males. Serum concentrations of testosterone (ng=ml, mean ± SEM) in males were 2:0 ± 0:3 (VEH), 2:0 ± 0:2 (A1221), and 2:2 ± 0:3 (VIN). Serum corticosterone concentrations (ng=mL, mean ± SEM) in females were 890 ± 54 (VEH), 860 ± 78 (A1221), and 847 ± 53 (VIN); in males, they were 463 ± 51 (VEH), 476 ± 67 (A1221), and 580 ± 52 (VIN). No treatment effects were observed in either sex for any hormone in these F1 rats.
Discussion
Prenatal exposures to EDCs affect the individual and also have intergenerational (F2) and transgenerational (F3 and beyond) actions (Anway et al., 2005; Brieño-Enriquez et al., 2015; Manikkam et al. 2013; Elshenawy and Simmons 2016) . Several classes of EDCs, particularly VIN (Anway et al., 2005) , phthalates (Brehm et al. 2018; Doyle et al. 2013) , bisphenol A (BPA) (Susiarjo et al. 2015; Wolstenholme et al. 2012 et al. 2018) have effects in rodent models, for which metabolic, hormonal, reproductive and behavioral changes have been reported. Because the F3 generation is the first to be entirely unexposed in the traditional transgenerational EDC model of prenatal exposure, it has been the most heavily investigated, with surprisingly little known about the F2 generation. Yet, the F2s provide a unique window into the programming effects of EDCs caused by germline exposure. Our focus on physiological outcomes, developmental milestones, and affective and sexual behaviors in adulthood revealed a number of phenotypic effects that varied by sex and were dependent on the type of EDC and the lineage of the individual, especially males from the paternal lineage.
Endocrine-Disrupting Chemicals Increase F2 Body Weight over the Lifespan
Researchers have recently uncovered an epigenetic basis of developmental programming and multigenerational inheritance of obesity (Elshenawy and Simmons 2016) . In rats, EDCs such as tributyltin (TBT) (Chamorro-García et al. 2017) , diethylstilbestrol (Newbold et al. 2005) , triflumizole (Li et al. 2012) , tolylfluanid (Regnier et al. 2015) , and PCBs (Mennigen et al., 2018) are associated with increased BW and/or obesity. In the F3 generation, a transgenerational impact of EDCs such as BPA, dichlorodiphenyltrichloroethane, VIN, and dibutyl phthalates, albeit at relatively high doses, has been reported on obesity and/or BW (Crews et al. 2012; Manikkam et al. 2013; Skinner et al. 2013) . For TBT, low-dose exposures increased white adipose tissue and reprogrammed mesenchyme stem cells away from bone and towards the adipocyte lineage in pregnant F0 exposed animals, with effects persisting through the F4 generation (Chamorro-García et al. 2017; 2013) . In our study, we found significantly increased BW in F2 VIN males. We acknowledge that BW is not a measure of adiposity or obesity; in fact, it is possible that our rats are simply larger, not fatter, as we did not measure length or investigate metabolism or fat. The BW difference in our rats (5-10%) was also smaller than that reported for obesogenic chemicals. Because the only significant result was limited to F2 VIN males exposed to EDCs as developing germ cells, it is possible that exposure to the antiandrogenic effects of VIN acted upon the germline and, together with the high levels of circulating testosterone concentrations in male (but not female) fetuses at this life stage, contributed to this outcome. By contrast, A1221 males did not show this BW phenotype, suggesting the mechanism of action (weakly estrogenic) was not involved. In F2 females, it is interesting that maternal-lineage A1221 but not VIN females tended to have higher BWs than VEH rats, indicative of the sensitivity of females to estrogenic but not antiandrogenic disruption. Based on our pattern of results, it is evident that the sex and lineage of the F2 offspring, as well as the mechanism of action of the EDC, determine the impact on an individual's BW over their lifespan. Future work should include comprehensive metabolic profiling and measures of adiposity and energy balance. . Females were observed for sexual behavior in a paced mating chamber. Latency to first enter the (A) mating chamber, (B) lordotic intensity, (C) frequency of hops/darts, (D) frequency of lateral kicks to males, (E) frequency of mounts received, (F) latency to receive a first intromission, (G) frequency of intromissions, (H) latency to first ejaculation, and (I) latency to first mount are shown as mean ± standard error the mean ðSEMÞ. Note: A1221, Aroclor 1,221; MAT, maternal; PAT, paternal; VEH, vehicle; VIN, vinclozolin. #p < 0:1; *p < 0:05; **p < 0:01 as determined by analysis of variance (ANOVA) followed by Tukey's HSD posthoc analysis. . Functional landscapes for male behavior and serum hormones are shown for maternal and paternal lineages for A1221 (A and C, respectively) and VIN (B and D, respectively) compared to VEH. Each landscape displays the relative difference of each endocrine-disrupting chemical (EDC) treatment from VEH within each lineage. A relative increase for one group over the other is shown by directionality and height of a peak of valley. Nodes around the outer corners (beginning upper left and going clockwise) are: total call counts, serum hormones module, latency to engage in sex behavior module, ultrasonic vocalization (USV) call properties module, and male-oriented sex behaviors in the middle. Note that the y-axis scale differs between each landscape. Note: A1221, Aroclor 1,221; MAT, maternal; PAT, paternal; VEH, vehicle; VIN, vinclozolin. well as in response to entering a familiar location and meeting familiar members of a group (Garcia et al. 2017) . Effects of USVs are also strongly modulated by steroid hormones in adult male and female rats (Garcia et al. 2017) .
Effects of Endocrine-Disrupting Chemicals on Adult Sociosexual Ultrasonic Vocalizations
In our paradigm, all of the significant effects of EDCs were in males of the paternal lineage. Paternal VIN males emitted fewer flat and FM USV calls during the 5-min test interval immediately after brief exposure to a sexually receptive stimulus female. These males also had lower estradiol than their untreated counterparts, suggesting a link between circulating serum estradiol and number of vocalizations. In fact, a previous study in male gerbils showed that estradiol benzoate was sufficient to restore high levels of vocalizations after castration (Holman et al. 1991 ). By contrast, USV acoustic characteristics of power and mean frequency were significantly altered in the A1221 paternal-lineage males. In our study, the A1221 males with altered acoustic properties also had significantly lower circulating testosterone than controls, consistent with the importance of this hormone as shown in rat models of castration and testosterone replacement in males (Harding and McGinnis 2003) .
Mating Behaviors in F2 Males and Females
Germ cell exposure to EDCs altered adult male sexual behavior only in the paternal lineage. Surprisingly, A1221 and VIN increased the frequency of intromissions and A1221 decreased the latency to ejaculate, a finding that is associated with greater mating efficiency (de Medeiros et al. 2010) . However, this result should not be interpreted as beneficial or improved for reproductive success. In fact, female rodents have the best pregnancy outcomes when they receive a particular number and timing of intromissions before ejaculation (Adler 1969; Erskine 1985) . In general, stimulus females paired with our paternal-lineage A1221 and VIN males also showed increases in proceptive behaviors. This is interesting given that both A1221 and VIN males had lower concentrations of testosterone and estradiol respectively; thus, the females may have altered their proceptive and receptive behaviors in response to the males' behavior or chemosensory cues. Previous work from our lab showed that stimulus females, when given a choice, preferred to spend time in proximity to F3 VEH males than F3 descendants of high-dose VIN males (Crews et al. 2007 ), indicative of altered phenotypic signal(s) in males of the VIN lineage. A follow-up study observing both the female's choice behavior along with mating behavior would further delineate the effects of exposure to EDCs.
EDCs also had effects on F2 female rats in the paced mating paradigm. Pacing is important because it allows the female to control the timing of mating events, which in turn optimizes reproductive outcomes (Erskine et al. 2004 ). The results were interesting, as they revealed that the interaction of treatment with lineage was associated with seemingly contradictory phenotypic outcomes. For example, paternal-lineage VIN females showed more proceptive behaviors and received more frequent intromissions than VEH, but they also gave more lateral kicks, considered a rejection behavior (Spiteri et al. 2010; Steinberg et al. 2007 ). VIN maternal-lineage females had a different phenotype, with shorter latencies to enter the mating chamber, higher lordotic intensity, and elicited mounts from males more frequently, indicating greater receptivity to the male. However, stimulus males paired with these females had delayed latencies to their first intromission, possibly reflecting an alteration in male preference or the experimental female's chemosensory cues. The effects of A1221 on paced mating in the F2 females were few, limited to increased latency for the male to mount in the maternal lineage, and increased latency to receive an ejaculation in the paternal lineage. Again, this may indicate a decrease in attractiveness. Taken together, these results indicate that EDC exposure during germ cell development can alter nuanced aspects of mating behavior. To understand the reproductive consequences of these behavioral changes, future studies would need to comprehensively investigate both the EDC-treated and stimulus animals' mate choice, sexual behavior, and offspring outcomes.
Conclusions
Our study is among the first to demonstrate the impact of an individual's exposure to EDCs during the germ cell stage of development. Each sex and lineage had unique phenotypic profiles due to treatment, but the paternal-lineage males showed particular vulnerability. This sex difference may be attributable to the timing of exposure to EDCs (E8-18 of gestation of the F1 generation). In the developing fetus, DNA methylation marks in germ cellsthe F2 generation-undergo erasure and subsequent reestablishment of DNA methylation marks in a sexually dimorphic manner (Smallwood and Kelsey 2012) . In male rats, remethylation is completed in the fetus, whereas in female rats, remethylation does not happen until ova exit meiotic arrest during ovulatory processes that begin at puberty (Reik et al. 2001) . Furthermore, the critical period of brain sexual differentiation in response to gonadal hormones in rats begins at about E18 due to the occurrence of a testosterone surge in males but not females (Ward and Weisz 1980) . The overlap of these key developmental periods in germ cells and on the brain likely led to the increased sensitivity of paternal-lineage males. Recent research demonstrated the sensitivity of undifferentiated primordial germ cells to a similar dose of VIN, with male mice exhibiting alterations to microRNA in these germ cells as well as reduced fertility (Brieño-Enriquez et al. 2015) . It is important to note that our selected exposure window, while informative, needs to be expanded to represent the real-world situation for humans and wildlife, namely, lifelong exposure to a mixture of EDCs overlapping across the generations.
Other factors could contribute to the transmission of EDC effects from the F1 to the F2 generation. For example, maternal care can serve as a nongenomic method by which physiological and behavioral traits are transmitted to and manifest in the offspring (Champagne and Meaney 2001; Champagne et al. 2003) . The intrauterine environment, intrauterine position, and circulating steroid hormones during pregnancy could potentially serve as nongenomic modulators. Future studies should attempt to delineate between these context-dependent EDC effect (i.e., maternal care, hormonal exposures in gestation) vs. a germline-dependent EDC effect mediated through molecular reprogramming (Crews 2011; Crews and Gore 2011) .
